An AISI 304 type of austenitic stainless steel and low carbon steel were cladded by explosive welding in this study. Four explosive loading rates were used with the range of 1 and 2.0. Stand-of distance (s=t) was also used as a welding parameter. Cladded materials have been subjected to heat treatment at 250°C for times of ranging from 1 to 4 h. Effect of heat treatment on the microstructure and mechanical properties has been evaluated using optical and scanning electron microscopy, EDS analysis technique and hardness tests, respectively. The results indicate that straight and wavy structures of bonding at the interface were obtained according to the loading of explosive rate. The grain size of the cladded materials near the interface were increased with the duration of heat treatment. Hardness values at the interface of the cladded materials were decreased with the increment of heat treatment period.
INTRODUCTION
Explosion welding is one of the joining methods consisting of a solid state welding process in which controlled explosive donation on the surface of a metal. During the collision, a high velocity jet is produced to remove away the impurities on the metal surfaces. Flyer plate collides with base plate resulting in a bonding at the interface of metals. The metal plates are joined at an internal point under the influence of a very high pressure and causes considerable local plastic deformation at the interface in which metallurgical bonding occurs in nature and even stronger than the parent metals (Crossland, 1971 (Crossland, ,1976 Linse et al., 1984; Vonne et al., 1984; Brasher et al., 1995) .
Current developments in advanced technologies require new materials with superior properties such as corrosion, wear resistances for industrial applications. Therefore, numerous works have been carried out to develop new materials for such purposes. As low carbon *Corresponding author. E-mail : ffindik@ius.edu.ba. steel has low corrosion resistance therefore, it may be cladded with the materials such as aluminium, titanium and stainless steel that can be suitable for using in corrosion environment. Explosive welding is a well known for its capability to directly join a wide variety of both similar and dissimilar combinations of metals that cannot be joined by any other techniques. Furthermore, the process is capable of joining with high surface areas due to its ability to distribute the high energy density through explosion (Crossland, 1971 (Crossland, , 1976 Vonne et al., 1984; Brasher et al., 1995) . Up to now, low carbon steel Ghanadzadeh et al., 2003) , steel and aluminium (Han et al., 2003; Balasubrahmanian et al., 1997; Acarer et al., 2008; Du et al., 2007) , steel and titanium (Ege et al., 1998; Mousavi et al., 2008 Mousavi et al., , 2009 , nickel film and aluminium alloys (Gerland et al., 2000) , duplex stainless steel and low carbon steel (Kacar et al., 2003) , iron and copper (Livne et al., 1987; Durgutlu et al., 2005; , titanium and austenitic stainless steel (Mudali et al., 2003) , aluminium, copper and magnesium (Fan et al., 2003; Watanabe et al., 2009; Gulenc, 2008; Ghaderi et al., 2008) were cladded successfully. Explosive welding is also useful for producing a thin surface sheet with a minimal reduction in ductility. Despite that, the explosive welding is a dangerous method due to using explosives for joining, it is successfully possible to join unweldable materials using this method. Therefore, many bimetallic combinations can be easily generated offering designer broad possibilities. Some advantages of explosive welding over conventional joining methods are as follows:
(i) There is no heat affected zone in weldment materials compared with the conventional methods. Superior properties and performance of the materials could be achieved.
(ii) Applicability of explosive welding is getting wide day by day due to its low cost process that results in high performance, and complex shaped components (Crossland, 1971 (Crossland, ,1976 Vonne et al., 1984; Brasher et al., 1995; Kahraman et al., 2007; Inal et al., 1997) .
AISI 304 type of austenitic stainless steel is widely used materials in the current industrial applications such as pressure vessels, chemical tankers and pipes, due to its superior corrosion resistance and mechanical properties (Smith, 2000; ASM, 1983) .
The aim of current work was to show that low carbon steel cladded with 304 stainless steel may be of an alternative in using stainless steel alone. By doing this, cheaper materials could be replaced with an alternative one. In this case, stainless steel with a low carbon steel was cladded with high corrosion resistant stainless steel. Although it can be said that there is no heat affected zone in the cladding materials, sometimes stress relief annealing may be needed. More recently work has been focused on the explosive welding of steel and steel, studying the effect of heat treatment on the hardness and strength values of cladding materials and resulted in higher strength and lower in hardness values at the interface (Ghanadzadeh et al., 2003) .Therefore, researchers are needed to be preformed on the effect of heat treatment on the properties of cladding materials by explosion welding to enhance their performances.
The present work is concerned with an investigation of heat treatment on the properties of 304 types of austenitic stainless steel and low carbon steel plates cladded by explosive welding with different rate of explosives at 250°C for 1 to 4 h. The study involves a detailed microstructural analysis using variety of techniques including optical, SEM, EDS and parallel hardness measurement at the interface. Experimental observations were evaluated and then discussed with the earlier works.
EXPERIMENTAL PROCEDURES
Experimental set-up arrangement for explosive welding is given schematically in Figure 1 . Due to superior mechanical and corrosion properties of austenitic stainless steel, 304 type stainless steel was chosen as a flayer plate while Erdemir 6182 low carbon steel was used a base plate. The chemical compositions of materials used The surface of the base and flyer plates were used as received. The ELBAR 5 (ammonium nitrate 90% min 4.5% fuel-oil and min 3% TNT) was chosen as explosive material which was produced by MKE Barutsan Company in Kırıkkale, Turkey. The detonation velocity of the explosive material is about 3000 to 3200 m.s -1 . The density of explosive materials is 0.8 g.cm -3 . The explosion rate and stand of distance of the flyer plate was set up (R=1.0 to 2.0) and (s = t, flyer thickness) respectively, prior to detonation.
A series of heat treatment were performed in order to investigate the effect of heat treatment on the microstructure and hardness properties of the cladded materials. Specimens of cladded materials were heat treated in air at 250°C for periods of time ranging from 1 to 4 h using in a muffle furnace.
For microstructural examination, polished sections were prepared by first extracted from cladded material parallel to explosion with the dimension of 20 × 10 mm. Then, they were mounted in bakelite for microstructure and hardness examination. Mounted sections were flatted by 400 grid SiC abrasive paper and samples were ground on successively finer grades of silicon carbide paper down from 400 to 1200 grit. The samples were then lightly polished using 6 and 1µm alumina slurry, followed by a further minute with a water wash. Polished sections of base plate was etched with 2% Nital solution while stainless steel side of cladded material section was polished with solution of mixed 1 ml HCl + 1 ml HNO3 + 1 ml H2O. The metallographic examinations were carried out using optical and scanning electron microscope (SEM) that equipped with an energydispersive X-ray spectrometry (EDS) system.
Hardness measurement of cladded material was carried out with IHV-501 E TIME model microhardness test machine. During the test, a 25 g load was applied and hardness measurements took place in every 20 µm intervals at the interface of cladded materials.
X-ray diffraction studies were carried out to identify phases in the structure of the heat treated sample at 250°C for 4 h. X-ray diffraction study was performed using a Shimadzu diffractometer model XRD-6000 using Cu Kα. radiation with a wavelength of 1.5405 Å.
RESULTS
It was found that cladding of AISI 304 type of austenitic steel to low carbon steel was achieved successfully by the technique of explosive welding. Optical microstructural study showed that both wavy and straight morphology occurred at the interface (Figures 2 and 3) . Although, wavy interface was obtained with the loading rate of 1.2, 1.6 and 2; it is distinctly seen in the sample explosively welded with the loading rate of 2. Occurrences of straight and wavy interfaces were depending on welding parameter. In this study, wave length and amplitude increased with rising of explosive loading Mudali et al., 2003) . Higher amount of explosive loading increases with the impact energy of flayer plate. Therefore, interface structure can be changed from straight to wavy form. Researches on interface structure indicate that straight or wavy structure at interfaces does not affect the mechanical properties Smith, 2000) . The morphology of the interface verifies that explosive loading was sufficient to obtain a wavy interface. The loading rate of 1 showed that straight morphology was occurred at the interface. Wavy interface occurs with the increasing of explosive loading. However, interface morphology depends on not only explosive rate but also the angle and stand off distance between flyer and base metals. All angles and the explosive rate stand wavy morphology at interface with explosive loading rate of 2 could be attributed to producing the highest value of β angle that may be occurred during the explosion. This was in line with literature (Kahraman et al., 2007) . High detonation velocity can give rise to a relatively large value of angle β, thereby creates a strong turbulence at the interface. The metallurgical bonding was occurred between explosively welded metal. The interface between low carbon steel and AISI type 304 austenitic stainless steel was found to be generally smooth and perfect without significant defective zone.
Microscopic examination also showed that the grains of the low carbon steel and AISI 304 types of austenitic stainless steel elongated in the direction of the explosion, especially just near to the interface. This is possibly due to the plastic deformation caused by the high velocity impact of the explosion.
The hardness values of heat treated samples that were cladded materials with the loading rate of 1 are shown in Figure 4 . The samples were heated for 2 h and they show slightly lower hardness values than that of as cladded material with the value of 181 HV. The samples heated for 1, 3 and 4 h show similar hardness at the interface with the values of 135, 128, 126 HV respectively. However the sample heated for 4 h shows the lowest hardness values on the side of stainless steel of all. The similar hardness values were obtained on the side of low carbon steel at the interface.
The hardness variation of heat treated samples that cladded with explosive rate of 1.2 is shown in Figure 5 . As seen from the figure, the hardness values at the interface decrease with an increase in heat treatment durations. The increasing rate is about 50% compared with as cladded materials. Samples heat treated for 2 h at 250°C showed the highest hardness values. The reason for this is due to the recrystallisation process of the materials at this specific temperature and time.
Recrystallisation may occur during or after deformation. In the present case, plastic deformation occurred due to the impact of two sheet metals (low carbon and stainless steel) during explosive welding. In the first step of recrystallisation, a lot of small grains occur due to nucleation in a particular temperature. These small grains have longer grain boundaries and they are the barrier for dislocation movement. That is why the hardness is the highest at this specific temperature and time. The hardness values of the samples heat treated with the duration of 1, 3 and 4 h showed similar values.
The hardness results after heat treatment of cladded materials are given in Figure 6 . As can be seen from the figure that sample heated for 2 h shows higher values of hardness than that of as received material. The hardness of the sample that was exposed to heat treatment at 250°C for two hours shows almost the same result with that of as cladded material. It is particularly interesting to note that the hardness of the sample heated for two hours shows highest hardness values of all the samples that cladded by explosive welding with various explosive loading. The other heat treated samples for 1, 3, 4 show lower hardness values than those of as cladded materials.
DISCUSSION
Microstructural study shows that interfacial structure exhibits wavy and straight shape (Figures 7 and 8) . Heat treatment process resulted in a grain coarsening over long heat treatment duration. This was consistent with the previous study . Actually, all cladded samples by explosion welding show elongation in explosion direction and heat treatment does not change the grain geometry. However, grain size of low carbon steel side while on the side of 304 austenitic stainless steel exhibits very fine grain slightly increases at longer heat treatment period. Figure 9 shows the hardness values of the samples of cladding stainless steel to low carbon steel under various explosive loading. The samples cladded with the loading rate of 2 shows the higher hardness values on the stainless steel side interface with the values of 212 HV. This shows an increase in hardness from as received materials of about 87% than the mild steel side with the loading ratio of 1.2 shows the lowest hardness values at the side of stainless steel. The difference between the values of the as received and cladded one is about 30%. The original hardness of the low carbon steel and AISI 304 austenitic stainless steel are 60 and 115 HV, respectively. However, hardness values of stainless steel increased much more than the low carbon steel, which may be attributed to the high work hardening capacity of those of low carbon used in this study. Hardness values decrease away from the interface, this is possibly due to the high amount of the plastic deformation which may be occurred at the interface. Similar observation was also obtained in the earlier study .
High value of hardness near the interface of 304 type austenitic steel in the explosive bonded joint could be attributed to the high degree of deformation of stainless steel during the explosive welding process. When austenitic stainless steels are deformed, martensite formation and the dislocation density within the host , which increases with the plastic deformation of metals (Abe, 1999) . The hardness and strength of the material increase with the increment of density of interrupting of dislocations. Finer grain size results in increasing the hardness and strength of the material and in decreasing the ductility of the metals. In the present study, the finer microstructure of 304 type austenitic stainless steel (Figure 2 ) performed higher hardness (Figures 4 to 6) during the explosive welding.
The phase transformation due to plastic deformation was observed in AISI 304 stainless steel in earlier study (Dieter, 1988) . The gradual transformation of austenite to strain induced martensite increases the work hardening of the steels. Stainless steel changes from fcc to bcc structure by the martensitic transformation.
The dislocation density increases considerably with the increment of deformation. The fine grained martensite makes dislocation motions more difficult. Work hardening leads two distinct products in the affected material, the formation of martensite and increasing of dislocation densities (Takahashi et al., 2001) . The band structure of dislocations appears with an increase in strain. In this study, the increase in hardness of the interface is mainly associated with the fine grains. Severe plastic deformation contributed to grain refinement due to dynamic recrystallisation. Due to application of martensite transformation and subsequent tempering, formation of microcrystalline structure and phase transformation in austenitic stainless steel were reported (O'sullivan et al., 2003; Belyakov et al., 2001; Tavares et al., 2003) . Even the new grain structures occurring under plastic working is resulted from a dynamic recrystallisation. During the explosive welding, ultra-fine grains occur as a result of a continuous increase in the misorientations between subgrains that developed with deformation (Kaibyshev, 2001) .
During the SEM examination of the region of welding interface a local melting and band zone were observed in unheated specimen for the explosive loading rate of 1 (Figure 10 ). There was no evidence for intermetalic occurred at the interface. However, some diffusion or mixing at the interface during the explosive welding was seen with the evidence in the EDS analysis taken from the interface. It is seen from Table 1 that there are very little elements of Si, Cr and Ni in low carbon alloy (E-61820). However, after the completion of explosive welding, we can see large peaks of Cr, Ni and Si ( Figure  10) . It means that a number of diffusion or mixing occurred during the explosive welding.
This can be attributed to the thermal conductivity of 304 austenitic stainless steel, 21.5 Wm -1 K (Belyakow et al., 2003) , which is lower than that of low carbon steel, (48 Wm -1 K), at room temperature (Touloukian et al., 1977) . During the solidification, this bond may be formed. According to Crossland (1976) during the welding, kinetic energy in the jet would be dissipated as heat causing melt at the interface.
EDS analysis indicated that the composition of local melding zone is different from that of low carbon steel. The presence of oxygen in this region can be attributed to the trapping of oxide from the surface during explosive welding.
Heat treatment consists of three stages including recovery, recrystallisation and grain growth. Completion of these stages needs to time.
During the recrystallisation, the density of dislocation also considerably decreases thus; the effect of strain hardening may be eliminated. Therefore, hardness values may be decreased and then grain size is progressively increased. The strain-hardened materials having higher energy are finalised lowering energy level and residual stress is also decreased with heat treatment. Heat treatment for longer durations, which resulted in increases in ductility while hardness and strength of the materials may be decreased (Abe, 1999) . Longer heat treatment is caused lowering recrystallisation temperature of the material that have higher amount of strain-stress. Therefore, it is concluded that shorter time heat treatment (1 h at 250oC) is beneficial in spite of keeping the hardness level it decreases the residual stress. However, longer time heat treatment (2-4 h at 250°C) is not suitable due to bigger grain size (almost three times greater) and decreasing the hardness level. In this case, it might be advised that heat treatment can be beneficial only for medium and high carbon steel due to their higher hardness. Recent developments in explosive welding has been reported (Findik, 2011) showing comparable results of similar and dissimilar materials joined by explosive cladding. Figure 11 shows the X-ray diffraction of the samples heat treated at 250°C for 4 h. A few peaks observed in this diffraction the presence of the γ, α and ε phases. The cladded plate is subjected to heat treatment as stressrelieving on heat treatment at 250°C for 1 to 4 h for all samples. As a result of this, microhardness values generally decrease. Lowering in hardness values may be attributed to changing of interface structure. As stated by Kaibyshev (2001) , the annealing causes a reverse αı → γ transformation and recrystallisation. It was determined that the grain size of newly formed austenite was limited. Due to the submicrocrystalline austenite structure a mean grain size of 30 µm was formed in fine-grained samples. At the same time, the course grain size of austenite was uniform. Thus, microstructure formed during the dynamic 4150 Sci. Res. Essays deformation favourably influences the martensite transformation.
Conclusions
In this study, AISI 304 austenitic stainless steel cladded to low carbon steel by explosive welding method using various explosive loading. Subsequent heat treatment was applied on the weldment materials. Microstructural observations with hardness testing were carried out. The following conclusions can be drawn from the experimental results:
1. AISI 304 type of austenitic stainless steel and low carbon steel were successfully cladded by explosive joining technique. 2. The grains of the cladded materials at the interface were elongated in the explosion direction for both untreated and treated materials, which indicate that a high degree of plastic deformation occurred at the interface. However, the grains in the steel side become normal with the long heat treatment durations. 3. Higher microhardness values were observed at the interface due to the significant cold plastic deformation. However, those values decrease for locations away from the interface. The hardness values were affected by heat treatment especially for long heat treatment durations. This is attributed to changing of the microstructure at the interface. 4. The straight interface was usually obtained for the explosive loading of 1. But, distinct wavy interface was observed in the loading rate of 2. 5. Recrystallisation must have been occurred at the interface after the heat treatment resulting in a different size of grains. 6. Short time heat treatment is beneficial in spite of keeping the hardness level it decreases the residual stress. However, long time heat treatment is not proper due to bigger grain size and decreasing the hardness level.
